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Layered Convection

Tackley 1993

Davies, 1995; Torii and Yoshioka, 2007). Slab stagnation depends also on
trench kinematics because higher rates of trench retreat result in gentler
slab dips and a slab negative buoyancy force that is distributed over a larg-
er surface, yielding smaller stresses acting upon themineralogical discon-
tinuity (Christensen, 1996). When the 410 km discontinuity is included,
the slab pull increases,whichdecreases the rate of trench retreatwhile in-
creasing the slab dip and the tendency to penetrate into the lowermantle
(Čížková and Bina, 2013). Conversely, (VanHunen et al., 2001) found that
the latent heat released during the olivine ⇔Wadsleyite transformation
increases the slab buoyancy and decreases the dip angle. TheWadsleiyte
⇔ Ringwoodite transformation has been traditionally ignored in this type
of regional (but also global) numerical simulations because it was as-
sumed that its effect on mantle convection patterns would be minor
given the relatively low density contrast between the two phases. It is
worth to note, however, that the negative buoyancy associated with this
phase transition could be as large as that of the olivine⇔Wadsleyite tran-
sition due to the strongly positive reaction slope (3–7 MPa/K) (Billen,
2010).

Regional 2D models of plume upwelling suggest that the post-
spinel reaction with moderate negative Clapeyron slopes can partial-
ly or completely hamper the penetration of low-viscosity plumes
with relatively small sizes and large excess temperatures (Davies,
1995; Marquart and Schmeling, 2000; Tosi and Yuen, 2011). The
penetration of very hot plumes could be hampered also by the
Wadsleyite ⇔ majorite + ferropericlase transformation (Ichikawa
et al., 2014), which, according to first principle calculations (Yu
et al., 2011), should occur in a pure fosteritic system at T N 2200 K
and 500–600 km depth with a small density contrast (1.6%) but a
very large negative Clapeyron slope (−22 MPa/K).

Pyrolite system (Fig. 4B). The majority of numerical studies includ-
ing mantle phase transformations (like those discussed so far) have as-
sumed a 100% olivine composition of the mantle, and often extremely
negative Clapeyron slopes for the post-spinel reaction, which causes
strongly layered or intermittent convection and slab/plume stagnation.
In a pyrolitic system (pyr: pyroxene; ol: olivine), however, the flow in-
hibition at the base of the transition zone decreases considerably be-
cause the exothermic majorite ⇔ Bridgmanite transition largely
compensates the effect of the endothermic post-spinel transition
(Tackley et al., 2005). More in detail, the buoyancy induced by phase
transitions around 660 km depth appears to be very sensitive to tem-
perature (Hirose, 2002) (Fig. 3A). In a cold downwelling mantle, the
formation of Bridgmanite is dominated by the post-spinel and post-
ilmenite endothermic phase transitions, both of which resist convec-
tion. At these cold temperatures, the positive buoyancy generated by
the endothermic reactions is only partly compensated by the negative

buoyancy associated with the majorite ⇔ Bridgmanite transformation
that takes place at similar depths (Hirose, 2002; Hirose et al., 1999).
Fig. 6 display results of 3D regional subduction models in a pyrolitc
mantle, showing that, similarly to models assuming 100% olivine
composition, the endothermic phase transitions can lead to slab stagna-
tion in the transition zone for sufficiently fast rates of trench retreat
(e.g., Christensen, 1996).

On the other hand, at high temperatures typical of upwelling hot
plumes (T N 1800 °C), Ringwoodite decomposes to majorite and
ferropericlase and the formation of Bridgmanite is related mostly to
the majorite ⇔ Bridgmanite transition with a positive Clapeyron slope
and a large density difference (Hirose, 2002; Ishii et al., 2011). In other
words, in upwelling hot material the majorite ⇔ Bridgmanite reaction
occurs well below the 660 km discontinuity, generating strong positive
buoyancy that favours plume penetration in the transition zone. This is
shown in Fig. 7, where the oblique trajectory of the sheared plume be-
comes vertical and its upwelling velocity increases when the hot mate-
rial crosses the post-garnet boundary.

Thus, in a pyroliticmantle phase transformations around the 660 km
discontinuity should work as an accelerator rather than a barrier for
hot upwelling plumes, while some moderate impediment to penetra-
tion in the lower mantle should be effective for subducting slabs. At
the larger scale, this would enhance vertical flow with convective pat-
terns characterized by reduced wavelengths (Dal Zilio et al., submitted
for publication), which become larger when incorporating self-
consistent plate tectonics and depth-dependent viscosity (Nakagawa
et al., 2009).

Harzburgite–MORB system (Fig. 4C). Partial melting of the source
pyrolitic mantle and subsequent fractional crystallization introduce
compositional and mineralogical heterogeneities in the convective sys-
tem that further complicates the buoyancy effects due to phase trans-
formations. The entire set of compositional flavours arising from
magmatic differentiation of pyrolite can be described by a chemical or
mechanical mixture of the enriched MORB and depleted harzburgitic
end-members.

The enrichedMORB is unaffected by the phase transformation in the
olivine system and after eclogitization becomes denser than themantle
at any depth, except around the 660 km discontinuity where a density
crossover exists due to stability of the Al-rich garnet at depths below
the post-spinel reaction (Ganguly et al., 2009; Hirose et al., 1999;
Irifune and Ringwood, 1993; Ono et al., 2001; Richard et al., 2005)
(Figs. 2D, 3C, D). In the ambient mantle, the density crossover likely ex-
ists in the 660–720 km depth interval (Hirose et al., 1999; Ono et al.,
2001). However, because of the negative and positive slopes of the
post-spinel and post-garnet transformations, respectively, the depth

Fig. 5. Cross-sectional slices of the superabiabatic temperature field predicted by one of the earliest 3D global-scale, isoviscous mantle convection simulations. (A) Whole-mantle
convection obtained without phase changes switches to (B) intermittent layered convection when adding the post-spinel transition with a strongly negative Clapeyron slope
(−4 MPa/K). Scale range from −780 K to +220 K and from −1050 K to +350 K in panels A and B, respectively. From (Tackley et al., 1993).

207M. Faccenda, L. Dal Zilio / Lithos 268–271 (2017) 198–224



Phase Transitions and Convection

heterogeneities (reddening effect of the heterogeneity spectrum), inter-
mittent layered convection with reduced mantle mixing efficiency and
superadiabatic gradients near the 660 km discontinuity (Bunge et al.,
1997; Christensen and Yuen, 1985; Honda et al., 1993; Machetel and
Weber, 1991; Peltier and Solheim, 1992; Tackley et al., 1993; van
Keken and Ballentine, 1999; Yanagisawa et al., 2011). The intermittent
or layered mantle convection behaviour appears to increase with the
vigour of convection (thus requiring smaller Clapeyron slopes of the
post-spinel reaction for geodynamically relevant Rayleigh numbers;
Tackley, 1996, Yanagisawa et al., 2011), while adding the 410 km exo-
thermic phase transition diminishes the propensity to layering bymak-
ing avalanches smaller and more frequent (Tackley et al., 1994). In
simulations with a strongly temperature-dependent viscosity and
plate-like behaviour, rigid cold downwellings penetrate more readily
in the lower mantle than in isoviscous models, although the overall

mass flux between upper and lower mantle does not increase signifi-
cantly (Zhong and Gurnis, 1994, 1995).

The negative and positive buoyancy forces associated with phase
transition in the abundant olivine component could have a first order
control on the dynamics of subducting rigid slabs, affecting their sinking
rates or promoting stagnation and subsequent rollback. From the anal-
ysis of these buoyancy forces and kinematic parameters from the Earth's
subduction zones, (Billen, 2010) concluded that the negative buoyancy
due to the olivine polymorphic transformations could temporarily
double the descent rate of slabs, while the positive buoyancy associated
with post-spinel reaction is likely not a good candidate for slab stagnation,
although it may cause a slowing of the descent rate. Regional 2D models
of subduction show that the post-spinel reaction can promote slab stag-
nationwithin the transition zone only for extreme deflections of the reac-
tion boundary and fast trench retreat rates (e.g., Christensen, 1996;

Fig. 4. Schematic representation of the buoyancy effects due to major phase transformations occurring at equilibrium around the transition zone in a subducting cold slab (left) and an
upwelling hot plume (right) for different compositional systems. Density contrasts with the ambient mantle are given indicatively by the red-blue colour bar. Buoyancy effects due to
thermal contraction or expansion are ignored. Buoyancy force (FB, kg/m3) profiles induced by phase transitions and compositional heterogeneities (in panel C) are schematically
drawn in the right column. (A) Homogeneous dry olivine system. (B) Homogeneous dry pyrolite system. The brownish arrows indicate the pyroxene to garnet and garnet to
perovskite transformations that occur over a broad depth range. The post-garnet reaction is set to occur at 720 km in the ambient mantle. At high temperatures, the post-spinel
transition is indicated with a thin dashed line because of the small Clapeyron slope and density contrast (Hirose, 2002). (C) Heterogeneous dry harzburgite–MORB system. Density
contrast and buoyancy forces are drawn with respect to a pyrolitic ambient mantle. The upwelling hot plume is pyrolitic in composition and contains a volume fraction of MORB
heterogeneities (yellow blobs) smaller than that present in the subducting slab, resulting in smaller compositional buoyancy effects. The post-ilmenite reaction in the cold slab is
indicated with a dashed line due to experimental uncertainties.
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2 Equations, models, coe�cients

2.1 Basic equations

ASPECT solves a system of equations in a d = 2- or d = 3-dimensional domain ⌦ that describes the motion
of a highly viscous fluid driven by di↵erences in the gravitational force due to a density that depends on the
temperature. In the following, we largely follow the exposition of this material in Schubert, Turcotte and
Olson [STO01].

Specifically, we consider the following set of equations for velocity u, pressure p and temperature T , as
well as a set of advected quantities c
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that we call compositional fields :
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(ru+ruT ) is the symmetric gradient of the velocity (often called the strain rate).1

In this set of equations, (1) and (2) represent the compressible Stokes equations in which u = u(x, t) is
the velocity field and p = p(x, t) the pressure field. Both fields depend on space x and time t. Fluid flow is
driven by the gravity force that acts on the fluid and that is proportional to both the density of the fluid
and the strength of the gravitational pull.

Coupled to this Stokes system is equation (3) for the temperature field T = T (x, t) that contains heat
conduction terms as well as advection with the flow velocity u. The right hand side terms of this equation
correspond to

• internal heat production for example due to radioactive decay;

• friction heating;

• adiabatic compression of material;

• phase change.

The last term of the temperature equation corresponds to the latent heat generated or consumed in the
process of phase change of material. The latent heat release is proportional to changes in the fraction of
material X that has already undergone the phase transition (also called phase function) and the change of
entropy �S. This process applies both to solid-state phase transitions and to melting/solidification. Here,
�S is positive for exothermic phase transitions. As the phase of the material, for a given composition,

1There is no consensus in the sciences on the notation used for strain and strain rate. The symbols ", "̇, "(u), and "̇(u), can
all be found. In this manual, and in the code, we will consistently use " as an operator, i.e., the symbol is not used on its own
but only as applied to a field. In other words, if u is the velocity field, then "(u) = 1

2 (ru+ruT ) will denote the strain rate.

On the other hand, if d is the displacement field, then "(d) = 1
2 (rd+rdT ) will denote the strain.
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Mantle is multiphase

The phase proportions for pyrolite, harzburgite andMORB composi-
tions computed at equilibrium conditions with HeFESTo (Stixrude and
Lithgow-Bertelloni, 2011) along the reference 1600 K adiabat are re-
ported in Fig. 1. Density for the different bulk rock compositions and
their relative density contrasts are shown in, respectively, Figs. 2 and 3
as a function of P–T conditions of the uppermost 1000 km of themantle.
The reaction slopes for the most important phase transitions are listed
in Table 1.

Phase transitions within the thin sedimentary cover atop the
subducting oceanic plates will not be discussed in this review article.
In brief, they are characterized by a series of devolatilization reactions
and solid–solid phase transformations that lead to dry aggregates of
clinopyroxene, garnet and high-pressure carbonate phases (Kerrick
and Connolly, 2001).

2.1.1. Pyrolitic mantle
At shallow depths, the fertile pyrolitic mantle consists of olivine, di-

opside, enstatite and pyrope-rich garnet (Fig. 1B).With increasing pres-
sure, the Ca-rich clinopyroxene and the Ca-poor orthopyroxene are

gradually dissolved into pyrope-rich garnet to form Al-poor majoritic
garnet, which is the most abundant mineral next to Wadsleyite or
Ringwoodite in the transition zone (Akaogi, 2007). The incorporation
of enstatite and of its high-pressure polymorph (clinoenstatite) in garnet
occurs in the upper mantle, while that of diopside in the uppermost
transition zone, resulting in a marked density increase of the pyrolitic
aggregate (+120 kg/m3). On the other hand, olivine transforms to
Wadsleyite at ~13.5 GPa and further to spinel-structured Ringwoodite
at ~18 GPa, causing, respectively, the 410 km and 520 km seismic discon-
tinuities, respectively. Both polymorphic reactions have a positive
Clapeyron slope, with the former transformation having a gentler slope
(+1–4 MPa/K) but a larger density contrast (+206 kg/m3) than the
Wadsleyite ⇔ Ringwoodite transformation (3–7 MPa/K, +102 kg/m3)
(Table 1). The presence of water decreases the depth of the olivine ⇔
Wadsleyite transformation, modifies its sharpness and increases the
Clapeyron slope (Chen et al., 2002a; Litasov and Ohtani, 2003; Smyth
and Frost, 2002).

Toward the lower part of the transition zone, the Ringwoodite-
majoritic garnet assemblage transforms to a perovskitic assemblage

Fig. 1. Phase proportions (atomic fraction) of A) harzburgite, B) pyrolite, C) basalt, and D) a mechanical mixture of 18% basalt and 82% harzburgite equal in overall bulk composition to
pyrolite. Superimposed are the shear-wave velocities of pyrolite (dotted blue line), harzburgite (solid green line), basalt (dashed red line), and the mechanical mixture (solid grey
line). Curves are repeated in multiple panels to permit direct comparison. Phase proportions and velocity vary with composition in an equilibrium assemblage (solid light blue line)
and a mechanical mixture of the end-member compositions (solid grey line). Computed with HeFESTo (Stixrude and Lithgow-Bertelloni, 2011). All bulk compositions are taken from
(Xu et al., 2008). From (Stixrude and Lithgow-Bertelloni, 2012).
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Phase Transitions and Dynamics

heterogeneities (reddening effect of the heterogeneity spectrum), inter-
mittent layered convection with reduced mantle mixing efficiency and
superadiabatic gradients near the 660 km discontinuity (Bunge et al.,
1997; Christensen and Yuen, 1985; Honda et al., 1993; Machetel and
Weber, 1991; Peltier and Solheim, 1992; Tackley et al., 1993; van
Keken and Ballentine, 1999; Yanagisawa et al., 2011). The intermittent
or layered mantle convection behaviour appears to increase with the
vigour of convection (thus requiring smaller Clapeyron slopes of the
post-spinel reaction for geodynamically relevant Rayleigh numbers;
Tackley, 1996, Yanagisawa et al., 2011), while adding the 410 km exo-
thermic phase transition diminishes the propensity to layering bymak-
ing avalanches smaller and more frequent (Tackley et al., 1994). In
simulations with a strongly temperature-dependent viscosity and
plate-like behaviour, rigid cold downwellings penetrate more readily
in the lower mantle than in isoviscous models, although the overall

mass flux between upper and lower mantle does not increase signifi-
cantly (Zhong and Gurnis, 1994, 1995).

The negative and positive buoyancy forces associated with phase
transition in the abundant olivine component could have a first order
control on the dynamics of subducting rigid slabs, affecting their sinking
rates or promoting stagnation and subsequent rollback. From the anal-
ysis of these buoyancy forces and kinematic parameters from the Earth's
subduction zones, (Billen, 2010) concluded that the negative buoyancy
due to the olivine polymorphic transformations could temporarily
double the descent rate of slabs, while the positive buoyancy associated
with post-spinel reaction is likely not a good candidate for slab stagnation,
although it may cause a slowing of the descent rate. Regional 2D models
of subduction show that the post-spinel reaction can promote slab stag-
nationwithin the transition zone only for extreme deflections of the reac-
tion boundary and fast trench retreat rates (e.g., Christensen, 1996;

Fig. 4. Schematic representation of the buoyancy effects due to major phase transformations occurring at equilibrium around the transition zone in a subducting cold slab (left) and an
upwelling hot plume (right) for different compositional systems. Density contrasts with the ambient mantle are given indicatively by the red-blue colour bar. Buoyancy effects due to
thermal contraction or expansion are ignored. Buoyancy force (FB, kg/m3) profiles induced by phase transitions and compositional heterogeneities (in panel C) are schematically
drawn in the right column. (A) Homogeneous dry olivine system. (B) Homogeneous dry pyrolite system. The brownish arrows indicate the pyroxene to garnet and garnet to
perovskite transformations that occur over a broad depth range. The post-garnet reaction is set to occur at 720 km in the ambient mantle. At high temperatures, the post-spinel
transition is indicated with a thin dashed line because of the small Clapeyron slope and density contrast (Hirose, 2002). (C) Heterogeneous dry harzburgite–MORB system. Density
contrast and buoyancy forces are drawn with respect to a pyrolitic ambient mantle. The upwelling hot plume is pyrolitic in composition and contains a volume fraction of MORB
heterogeneities (yellow blobs) smaller than that present in the subducting slab, resulting in smaller compositional buoyancy effects. The post-ilmenite reaction in the cold slab is
indicated with a dashed line due to experimental uncertainties.
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Thermodynamic Model
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Importance for flow

interval of the density crossover becomes small at low temperatures,
while it increases at high temperatures. (Litasov et al., 2004) found a
strongly positive Clapeyron slope (+4.1 MPa/K) for the post-garnet
transformation in dry MORB composition, which would imply that in
the cold subducting slab the basaltic component transforms to perov-
skite at lower pressures than the surroundingmantle. Thus, the positive
buoyancy generated by the MORB component around the 660 km dis-
continuity could be small in subducting plates, while it is likely signifi-
cant in heterogenous upwelling material.

On the other hand, the depleted harzburgitic mantle is slightly more
buoyant than pyrolite andmuch less dense thanMORBdue to the small-
er amount of garnet and Bridgmanite, and at low temperatures provides
only small negative buoyancy (Ganguly et al., 2009) (Figs. 2D, 3B, D).
However, when compared to a pyrolitic mantle, the harzburgitic layer
of the slab with ~75–80% of olivine component is more affected by the
deflections of the olivine polymorphic transformations and post-spinel
reaction, and less by those involving pyroxene and garnet. Furthermore,
the post-spinel reaction occurs at higher pressures and has a more neg-
ative slope in a pure fosteritic component - which is representative of
harzburgite - compared to a pyrolitic mantle, even when using the
same experimental procedure (Ishii et al., 2011; Litasov et al., 2005a).
Also, it is important to note that at low temperatures the presence of

Akimotoite in both the olivine and pyroxene-garnet components
would generate even larger positive buoyancy forces around 660 km
depth due the post-ilmenite polymorphic reaction with a strongly neg-
ative Clapeyron slope.

In a hot and chemically heterogeneous upwelling material, enrich-
ment in the MORB component relative to the surrounding mantle
decreases the chemical buoyancy through the whole mantle, except
within the uppermost lower mantle where strong positive buoyancy
is produced in between the post-spinel and post-garnet reactions
(Fig. 4C). (Ballmer et al., 2013) and (Dannberg and Sobolev, 2015)
showed that by including 15–20% of eclogite decreases the buoyancy of
chemically heterogeneous plumes, which, if not sufficiently hot or
voluminous, may pond between 300 and 410 km depth. This is because
over this depth range the denser majoritic garnet-stishovite aggregate
gradually transforms to the lighter pyrope garnet-pyroxene-coesite ag-
gregate in the MORB component, while in the mantle the transformation
of Wadsleyite to lighter olivine takes place at about 410 km depth. As a
result, a large density contrast exists between MORB and ultramafic
rocks at the base of the upper mantle (Figs. 2D, 3C, D, 4C). Enrichment
in harzburgitic component would have basically opposite effects, thus in-
creasing the plume chemical buoyancy throughout most of the mantle
except in between the post-spinel and the pyrolite post-garnet reaction

Fig. 6. Snapshots of dynamic thermomechanical models of subduction in a pyrolitic mantle. Phase transitions are includedwith the self-consistent approach as explained in Section 2.3.3.
Subduction initiates spontaneously driven by a 200 km long slab. Thewhite and purple surfaces indicate, respectively, the initial and final positions of the oceanic plate. The initial setup of
the twomodels is similar, except that in (A) the age of the overridingmantle is much younger than in B) (1Ma vs. 20Ma). Theweak overriding mantle in (A) opposes small resistance to
subduction, yielding fast rates of trench retreat and, together with the positive buoyancy generated by the post-spinel and post-ilmenite reactions, slab stagnation (as in (Christensen,
1996)). Cooling of the entrained mantle due to the endothermic post-spinel reaction can be observed in the vertical cross-section of the temperature field at Z = 500 km. Mantle
creep is calculated considering the diffusion and dislocation creep flow laws of olivine and activation volume of 12 cm3, while pseudo-plasticity is defined by the Drucker–Prager yield
criterion (as in Faccenda, 2014a). The employed visco-plastic rheological model is characterized by a smooth increase of viscosity with depth that culminates at the cut-off value of
5⋅1022 Pa s in the lower mantle. Boundary conditions are free slip for all boundaries.
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So does including full 
thermodynamics matter?

• Nakagawa et al. (2009) 

• not much difference… not much induced layering for today’s 
conditions 

• But has this always been the case? (i.e. Allégre, 1997) 

• If not, could there have been layering and help preserve 
heterogeneity as geochemistry suggests? 

• Mass transfer may be recent (~ 1 Ga) 

• Transition caused by cooling and reduction in Ra 



Temperature Dependence



1-D temporal evolution
• 1D model of Earth (post-magma ocean)  
• Examine thermal evolution of mantle and core  
• Uses Hefesto to calculate mantle properties  
• Model Tracks 

• State Variables (T(K) and P (Pa) 

• ρ, α, Cp from Hefesto 
• Thermal conductivity, kc [W/m K] (5-10 for mantle, 40 for 

core) Viscosity, μ [Pa s] (Arrhenius form, with activation 
energy, volume and other constants from Ranalli, 2001)  

• Core equation of state by fitting to PREM
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Initial Conditions

Initial temperature profile

Adiabatic in core and mantle:
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Temperature Evolution-
Mixing Length theory
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Thermal Evolution in Mantle

Energy equation
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To model in 1D, need to parameterise convection:
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No convection if sub-adiabatic.
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Thermal Evolution in Mantle

Energy equation
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In uniform cartesian flow this is equivalent to:
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Kimura et al 2009 



Thermal Evolution in the 
Mantle

Background
Model Details

Validation
Results

Volatile Flux

Model Overview
Initial Conditions
Thermal Evolution in Mantle
Thermal Evolution in Core
Numerical Details

Thermal Evolution in Mantle

Strength of
convection depends
strongly on mixing
length, `

Set ` to distance to
nearest boundary of
fluid layer

Can have single- or
double-layer
convection
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• Allow l to vary dynamically according to local flow criterion -> 
intermittent layering



Compressible Mantle
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Thermal Evolution in Mantle

Need to account for compressibility

Energy equation solves for @
@t (⇢CpT ), not @T

@t

Simple di↵erentiation:
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Some validation
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Comparisons to PREM (T
p,0 = 2000 K)

Probably more a reflection of Hefesto accuracy
Neil Cagney, Carolina Lithgow-Bertelloni, Lars Stixrude The role of thermodynamics in mantle convection

• For initial Tp = 2000 K

• QCMB ~ 7 TW (estimated 5±5) 
• QS ~ 35 TW (estimated 47)

Background
Model Details

Validation
Results

Volatile Flux

Model Overview
Initial Conditions
Thermal Evolution in Mantle
Thermal Evolution in Core
Numerical Details

Numerical Details

• r = 1� 6371, with �r = 10 km

• Maximum �T per timestep is 0.1 K
(average �t ⇡ 104 years)

• 2nd order Runge-Kutta

• Three cases (choice of `):
single-layer, double-layer and intermittently layered
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Evolution
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Temperature Profiles: Double-Layer Convection

Upper mantle cools
rapidly

Lower mantle remains
insulated

Heats up due to
radiogenic heating
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Volatile Flux

Temperature Profiles: Single-Layer Convection

Quickly reaches
steady-state

Consequence of
Arrhenius rheology
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Temperature Profiles: Single-Layer Convection
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Temperature Profiles: Single-Layer Convection

As mantle cools, geotherm passes through regions of di↵erent
(@T/@r)S

Can prevent convection if (@T/@r)S . �2 K/km, or > 0

Ability to convect heat across transition zone will vary with
time
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Evolution



Intermittent Layering
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Temperature Profiles: Intermittent Layering
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• Layered state about ~80% of the time



Results
Background
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Implications for Earth

Layering arises naturally from thermodynamics

Doesn’t depend on Ra

Layering can preserve chemical reservoirs in lower mantle

Some plumes may ‘push through’ despite being sub-adiabatic
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How can we estimate effect of layering 
on heterogeneity preservation?

Background
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Volatile Flux

Isotopic Evolution of Earth

• Understanding e↵ect of layering on chemical reservoirs requires
information on isotopic flux

• Can estimate using MLT:
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How can we estimate effect of layering 
on heterogeneity preservation?
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Volatile Flux

Isotopic Evolution of Earth

Can use @�/@t to

investigate:

Mixing times

Variation in

bulk

composition of

mantle (e.g.

proportion of

depleted

mantle)

Volatile flux

(e↵ect of water-

dependent

rheology)
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Conclusions and Future 
Goals

• Explore mass transfer evolution 

• 3D convection with full thermo with secular 
cooling 

• Important to capture very sharp phase 
transitions 

• Adaptivity (i.e. ASPECT, Fluidity essential) 

• Implications for Earth’s geochemical evolution
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Thermal Evolution in Mantle

• Regions of negative adiabatic gradient (no convection)
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Mixing Length Theory
Theory outlined in Kimura et al. Size and compositional constraints of Ganymede’s metallic core for driving an

active dynamo, Icarus, 202, 216-224, 2009.
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Mixing Length Theory: Mass flux

Conservation of mass
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For convection,
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Physical properties


